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Mechanisms of Left±Right Review
Determination in Vertebrates
axis at any of these three levels of organization results
in distinct classes of laterality defects. The first, known
as isomerism (Figures 1B and 1C), results from a failure
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Gene Expression Laboratory to achieve L/R asymmetry at the level of individual or-
gans (examples include left and right atrial isomerisms,10010 North Torrey Pines Road
La Jolla, California 92037 left and right pulmonary isomerisms, midline liver, etc.).
A second condition, known as heterotaxia, describes²Department of Genetics
Harvard Medical School a situation where one or more of the individual organ
systems develops with reversed L/R polarity (i.e., right-200 Longwood Avenue
Boston, Massachusetts 02115 sided stomach, left-sided liver, intestinal malrotation,
etc.), and results from a failure to properly coordinate
the asymmetric development of multiple organ systems.
Finally, the failure to properly align the L/R axis with theDuring embryogenesis, an important manifestation of
other two body axes produces a condition known asthe emerging complexity of the vertebrate body plan is
situs inversus, characterized by a complete inversion ofthe appearance of a third axis of asymmetry, the left±
the global L/R axis (Figure 1D, compare with 1A).right axis (L/R). Asymmetries along the L/R axis are
The mechanisms underlying L/R determination havereadily apparent in the adult, where internal organs such
fascinated biologists for decades, but not until recentlyas the heart, stomach, and intestines all have a charac-
have researchers been able to link specific gene func-teristic asymmetric structure and are asymmetrically po-
tions to particular processes during the development ofsitioned within the body cavity (Figure 1). Embryonic
the L/R axis. The existence of mouse and zebrafishprimordia give rise to these and other organs during
mutants, and inherited human syndromes with distinctdevelopment by following complex patterns of loops
laterality defects, had suggested that the process of L/Rand turns that result in the stereotyped positioning of
determination is under genetic control. This expectationorgans (reviewed by Fujinaga, 1997). Remarkably, the
has been confirmed by the recent identification of sev-direction of these loops and turns and the relative posi-
eral genes that display striking, side-specific patternstioning of organs within the body cavity appear to be
of expression in the early embryo. Surgical manipula-conserved in all vertebrates, suggesting that this asym-
tions in chick and frog embryos have further helped tometric structure and arrangement of organs is required
define the roles that specific embryonic structures playfor their normal function. For example, the heart has to
during the process of L/R determination.be asymmetric to pump blood efficiently, and asymmet-
In this review, we examine recent discoveries thatric development of the digestive system (which is partic-
have deepened our understanding of the mechanismsularly complex in vertebrates) allows it to be packed
that direct the development of the L/R axis. We havemore efficiently within the body cavity. Thus, the normal
subdivided the process of L/R determination into fourdisposition of organs, called situs solitus (Figure 1A), is
stages: (1) the initial breaking of symmetry, which leadsan essential and distinctive feature of the vertebrate
to the establishment of specific patterns of gene expres-body plan.
sion in and around the embryonic organizer; (2) the relayFrom an evolutionary perspective, the progression
of L/R positional information from the organizer to thefrom bilateral symmetry to global, handed asymmetry
lateral plate mesoderm (LPM); (3) the stabilization ofrequired that important changes be made on at least
broad domains of side-specific gene expression, and;three distinct levels of organization. These could have
(4) the transfer of L/R information to the organ primordia,arisen in three sequential steps, although other equally
and the elaboration of specific programs of asymmetricplausible evolutionary scenarios can also be envisioned.
morphogenesis.The first stepÐthe evolution of individual organ asym-
metriesÐwould have provided an initial level of com-
plexity over the ancestral state of simple bilateral sym- Breaking Symmetry
metry. The next stepÐthe development of globally Conceptually, perhaps the most challenging question in
coordinated asymmetryÐwould have required the evo- the field of L/R asymmetry is to understand how the
lution of an additional level of regulation to ensure that early bilateral symmetry of the embryo is broken such
all of the developing organ systems adopted consistent that the L/R axis becomes consistently oriented with
L/R orientations relative to each other. The final stageÐ respect to the anteroposterior (A/P) and dorsoventral
characterized by global, handed asymmetryÐwould (D/V) axes, the other two primary axes of the embryo. To
have required the innovation of an initial biasing mecha- achieve this end, the embryo must integrate information
nism to consistently orient the L/R axis with reference concerning the relative orientations of the A/P and D/V
to the other two primary axes of the body. axes, which are established at an earlier stage in devel-
Developmentally, the failure to properly pattern the L/R opment, and use this information to produce an initial
difference or ªbiasº between cells on either side of the
embryonic midline. While various theoretical models³ To whom correspondence should be addressed (e-mail: belmonte@
have been put forward to explain how this initial symme-salk.edu).
§ These authors contributed equally to this work. try-breaking event might occur (see, for instance, Brown
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observed correlation between situs abnormalities and
ciliary dysfunction in humans (Afzelius, 1976). The
breakthrough came from analyzing a specialized cluster
of monocilia present on the ventral surface of the mouse
node, the mammalian equivalent of the early embryonic
organizer region identified through classical transplanta-
tion studies in Xenopus. These monocilia, which project
into the extraembryonic space surrounding the egg cyl-
inder, exhibit a novel type of vortical motion that gener-
ates an apparent leftward flow of extraembryonic fluid
in the node region (Nonaka et al., 1998; Okada et al.,
1999; Takeda et al., 1999). This so-called ªnodal flowº
has been proposed to function as the initiating event in
the formation of the L/R axis by causing an initial L/R
difference in the relative distribution of one or more
extracellular inducers (Figure 2A), thus triggering the
activation of distinct signaling pathways on the left and
right sides of the embryo (reviewed by Vogan and Tabin,
1999 and Supp et al., 2000).
Strong support for the cilia model comes from studies
of the inversus viscerum (iv) mouse, a classical mutant
strain with a near random incidence of situs solitus and
situs inversus. The product of the iv locus, called left±
right dynein (Lrd), is an axonemal-type dynein heavy
chain molecule expressed in the ventral node cells and
other cell types in the embryo (Supp et al., 1997, 1999;
see also references therein). In keeping with the pre-
sumed function of this molecule as a critical force-gen-
erating component of the ciliary motor, mice lacking a
functional Lrd have immotile nodal cilia (Okada et al.,
1999; Supp et al., 1999) and thus fail to produce any
nodal flow (Okada et al., 1999). Mice deficient for either
Figure 1. Asymmetric Disposition of Visceral Organs in Humans KIF3A (Marszalek et al., 1999; Takeda et al., 1999) or
The normal disposition of organs is called situs solitus (A). The right KIF3B (Nonaka et al., 1998), two kinesin molecules re-
lung has three lobes, whereas the left lung (indicated in a different quired for the assembly of nodal cilia, likewise show
color for clarity) has two. In addition, the apex of the heart points
complex situs defects.to the left side, the liver is on the right side, and the stomach and
By contrast, studies carried out with the inv mouse,spleen are on the left side. Although not shown in the figure, the
the only well-established murine model of situs inversusgut coils counterclockwise in the abdominal cavity.
In right isomerism (B), also called asplenia syndrome, the heart and (Yokoyama et al., 1993), are not as easy to reconcile with
lungs are double-right (as indicated by the structure of the heart the simple morphogen flow model described above. The
chambers and by both lungs having three lobes), as is the liver, difficulty lies in the observation that, despite the fact
which is generally found in a midline position. The stomach may be that nearly all inv mutants develop with a completelylocated on either side or in the midline, and the spleen is absent.
reversed L/R axis, the direction of nodal flow is notIn left isomerism (C), also called polysplenia syndrome, the heart
altered in these mice, although the flow is weaker thanand lungs are double-left, the liver may be double-left, located in a
in wild-type controls (Okada et al., 1999). On the surface,midline position, or normal, and the stomach is usually found in a
midline position. There is always more than one spleen (termed these findings would seem to argue against the nodal
splenules), although multilobulated single spleens may also occur. flow hypothesis, since it is not clear how a properly
Situs inversus refers to the complete mirror-image reversal of organ oriented (albeit reduced) nodal flow could result in a
asymmetry (D). Since laterality defects are highly variable, the figure
consistent inversion of the L/R axis. However, one waydepicts simplified cases, and is not intended to portray accurately
of solving this dilemma is to assume that the inv genethe whole range of possible defects. The terms situs inversus and
product does not act at the level of the biasing mecha-right or left isomerism can also be used to describe laterality defects
nism per se, but instead, acts downstream in the initialin individual organs, even if they are not included in specific syn-
dromes. Adapted from Brown and Anderson, 1999. interpretation of early L/R signaling cues. In this sce-
nario, the reduction in nodal flow (possibly a pleiotropic
effect of the inv mutation) might help to explain the lessand Wolpert, 1990 and Levin and Mercola, 1998a), there
than 100% incidence of situs inversus seen in theseis little empirical evidence supporting any of the pro-
mice. Other models have also been proposed (Okada etposed models, and so the true mechanisms underlying
al., 1999; Supp et al., 2000). Unfortunately, the molecularthe symmetry-breaking process have remained surpris-
nature of the inv gene product, a novel cytoplasmicingly difficult to elucidate.
protein called Inversin (Mochizuki et al., 1998; MorganA series of elegant studies in mouse (Nonaka et al.,
et al., 1998), offers little insight into its function. Clearly,1998; Okada et al., 1999; Takeda et al., 1999) have re-
further biochemical and cell biological studies arecently provided us with the first experimentally deduced
needed in order to elucidate the precise role of Inversinmodel of L/R axis determination in vertebrates. Interest-
ingly, this model is entirely consistent with a previously in L/R determination.
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(Hamburger and Hamilton stage 4 onward; Hamburger
and Hamilton, 1951), the chick organizer (Hensen's
node) displays a number of striking asymmetries that
appear well before any overt signs of asymmetry can
be detected in any other part of the embryo (Figure 2B).
For instance, a transient morphological asymmetry is
apparent at the chick node as early as stage 4 (Cooke,
1995). Likewise, a number of genes are expressed asym-
metrically at the chick node beginning at stage 5, includ-
ing Sonic hedgehog (Shh), which becomes restricted to
left side by an inferred Activin-like activity (Levin et al.,
1995), and Fgf-8, which is expressed only on the right
(Boettger et al., 1999). The fact that these early asym-
metries in chick are all centered at the node strongly
implies that this is the site where L/R patterning informa-
tion first originates in the chick, and argues that the
underlying mechanism of symmetry-breaking might be
similar between mouse and chick.
Despite these arguments in favor of a conserved
mechanism of symmetry-breaking, there are a number
of significant differences between mouse and chick with
respect to both the timing of early L/R patterning events
and the way specific genes are deployed during the
initial stages of L/R axis formation. In chick, for instance,
Shh is expressed asymmetrically and plays a central
role in the transfer of left-sided positional information
from the node to the LPM (Levin et al., 1995; PagaÂ n-
Westphal and Tabin, 1998). Similarly, asymmetric ex-
pression of Fgf-8 at the chick node is required to prevent
the left-sided pathway from becoming inappropriately
activated on the right side (Boettger et al., 1999). How-
ever, neither Shh nor Fgf-8 is expressed asymmetrically
in the mouse, and overall, the nature of the laterality
defects observed in Shh- and Fgf-8-deficient mice argue
against a conserved role for these molecules in early
patterning of the vertebrate L/R axis (Chiang et al., 1996;Figure 2. Breaking Symmetry and Establishing Asymmetric Gene
Izraeli et al., 1999; Meyers and Martin, 1999; Tsukui etExpression in and around the Node
al., 1999). These differences, along with the absence ofIn the mouse embryo (A), between E7.5 and E8.5, Shh is expressed
any data outside of mammals implicating cilia in thein the axial mesendoderm (future notochord, in dark blue), while
Fgf-8 is expressed in the primitive streak (in yellow). Shh, Fgf-8, process of symmetry-breaking, have led many to argue
Activin bB, and Activin receptor IIA (ActRIIA) are all expressed in that the underlying mechanisms might differ substan-
the mouse node without any obvious asymmetry, and it is postulated tially between species, only converging onto a common
that a leftward nodal flow (indicated by the green arrow, see main genetic pathway during subsequent stages of L/R pat-
text for details) activates left-specific gene expression, represented
terning (for further discussion, see Yost, 1999).by asymmetric expression of Nodal in and around the node. In the
The key to reconciling these two conflicting viewsmouse, Shh activity is required for lefty-1 expression in the left side
might lie in a more careful comparison of the actualof the node and midline (specifically, in the left prospective floor
plate; PFP). timing of the early L/R patterning events described so
In the chick embryo (B), between stages 4 and 6, the initially symmet- far in mouse and chick. In the mouse, the development
ric expression of Shh in the node is restricted to the left side (in of nodal flow progresses through a series of well-defined
light blue) by an inferred Activin-like signal (possibly Activin bB), stages, culminating in the establishment of a state of
which also causes upregulation of ActRIIA on the right side (in
smooth, laminar leftward flow from the late neural platelight yellow). Shh is also expressed in the head process or nascent
to one-somite stage (Okada et al., 1999). Shortly after-notochord (in dark blue). Shh acts upstream of lefty-1 expression
wards, the earliest molecular asymmetries (as markedin the left node and left side of the midline, and also acts upstream
of Nodal in a domain adjacent to the left side of the node. The by the leftward biased expression of the TGF-b super-
inferred Activin-like signal simultaneously activates Fgf-8 in the right family members Nodal and lefty-1; Figure 2A) first begin
side of the node (in light yellow); Fgf-8 is also expressed in the to appear in small domains immediately adjacent to the
primitive streak (in yellow). The red squares indicate the regions of node (Collignon et al., 1996; Lowe et al., 1996; Meno et
the embryos shown in detail to the right of the panels.
al., 1996, 1997). Significantly, the appearance of these
early asymmetries in the mouse coincides closely with
Is the cilia model of symmetry-breaking likely to apply the time at which Nodal and lefty-1 genes first become
to other vertebrates? The notion that the organizer re- expressed asymmetrically in the perinodal region in
gion is the site where symmetry is first broken is sup- chick (Levin et al., 1995; Tsukui et al., 1999; Ishimaru et
ported, at least in part, by a series of observations made al., 2000) (stage 6; Figure 2B). However, in contrast to
the mouse, where the presumptive initiating event (thein chick. Specifically, from very early in development
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onset of nodal flow) is followed immediately in time by 1997; Collignon et al., 1996; Lowe et al., 1996; Lohr et
al., 1997; Sampath et al., 1997, 1998; Rebagliati et al.,the appearance of these small, asymmetric domains of
Nodal and lefty-1 expression in the node region (without 1998). Moreover, misexpression of Nodal on the right
side of the embryo is sufficient to randomize situs deter-any intermediate stages), the initiating event in chick is
clearly separated in time from the resulting asymmetries mination in multiple organ systems (Levin et al., 1997;
Sampath et al., 1997), suggesting that Nodal plays ain Nodal and lefty-1 expression (as marked by the clear
asymmetric expression patterns of several genes, in- critical, instructive role in coordinating development of
the global L/R axis.cluding Shh and Fgf-8, prior to this stage). We would
therefore like to postulate that these earlier asymmetric In the chick, Shh is both necessary and sufficient for
inducing Nodal expression in the left LPM (Levin et al.,signaling cascades involving Shh and Fgf-8 have evolved
to bridge a gap in time between the initiating event (the 1995; PagaÂ n-Westphal and Tabin, 1998). However, ex-
periments involving explants of LPM have demonstratedactivity of nodal cilia?) and the transfer of L/R positional
information from the node to the surrounding tissues. that this induction of Nodal by Shh is not direct, but
rather is mediated by one or more secondary signalsThe postulated differences in the relative timing of nodal
cilia function could, in turn, have been dictated by produced by cells in the intervening paraxial mesoderm
(PagaÂ n-Westphal and Tabin, 1998). Recent studies sug-temporal and spatial constraints related to differences
in the geometry of gastrulation in birds as compared to gest that a number of different molecules may partici-
pate in this inductive process, acting in a cooperativemammals.
One important prediction of the model proposed manner to achieve the rapid spread of Nodal signaling
throughout the entire lateral plate.above is that chick nodal cilia, if they do indeed exist
and function in the breaking of symmetry, must be pres- One important relay signal identified recently in chick
is the product of the Cerberus-related gene Caronteent and active prior to or coincident with the appearance
of the earliest known molecular asymmetries in chick, (Car) (Rodriguez-Esteban et al., 1999; Yokouchi et al.,
1999; see also Zhu et al., 1999). Car belongs to thethat is, by late stage 3 or early stage 4 (Levin et al.,
1995, 1997). Similarly, if the activity of monocilia does Cerberus/Dan family of multifunctional, extracellular an-
tagonists that appear to function, in part, by binding torepresent a universal mechanism for specifying the L/R
axis in vertebrates, we should expect to find cilia and a class of TGF-b-related ligands known as Bone Mor-
phogenetic Proteins (BMPs), preventing them from in-other components of the ciliary machinery (including
homologs of Lrd) present in the organizer region in other teracting with their receptors (Hsu et al., 1998). Although
Car expression is initially bilaterally symmetrical (Figurekey vertebrate model systems such as Xenopus and
zebrafish. Alternatively, it remains formally possible that 3A), Car transcription in the paraxial mesoderm be-
comes restricted to a small patch of cells on the left side,a distinct mechanism, operating intracellularly and in-
volving motor components shared with the ciliary ma- adjacent to the Shh-expressing cells of the node (detail
in Figure 3A), and subsequently spreads throughout thechinery, serves an as yet undescribed role in the estab-
lishment of asymmetry. Still another scenario could be entire left LPM (Figure 3B). Consistent with its putative
role as a key intermediate signal between Shh andenvisioned where a mechanism presumably unrelated to
cilia sets up a program of asymmetric gene expression Nodal, Car expression on the left side is dependent on
Shh signaling, and misexpression of Car on the rightin the node. This last possibility is consistent with the
observation that the perinodal region influences asym- side is sufficient to induce Nodal ectopically in the right
LPM. Significantly, this ability of Car to induce Nodalmetries in the chick node (PagaÂ n-Westphal and Tabin,
1998). These caveats notwithstanding, the cilia model, can be mimicked by Noggin, a highly specific BMP an-
tagonist, whereas applying an excess of BMP protein toto its credit, has produced a number of testable hypothe-
ses and remains the only model of L/R axis determina- the left side blocks the endogenous induction of Nodal
in the left LPM, suggesting that Car induces Nodal bytion currently supported by empirical studies.
antagonizing an endogenous, repressive BMP signal.
Indeed, a number of BMP genes are expressed bilater-Transfer of Left±Right Positional Information
ally in the LPM at this stage (Figure 3C), and biochemicalfrom the Node to the Lateral
assays have confirmed that Car can bind to several BMPPlate Mesoderm
proteins, as well as to Nodal itself. Altogether, theseOnce small, stable domains of asymmetric gene expres-
results support a model in which BMP signaling func-sion are established in the node and perinodal area
tions to repress Nodal expression bilaterally within the(Figure 2), these initial local asymmetries are converted
LPM; the antagonistic activity of Car operates, in turn,into much broader domains of side-specific gene ex-
to relieve the repressive effects of BMPs on the leftpression that subsequently coordinate the asymmetric
side of the embryo, leading to the activation of Nodaldevelopment of the various organ primordia. At the mo-
transcription in the left LPM (Figure 3C).lecular level, this is marked by the appearance of a
Although no homologs of Car have been identified sosecond, broad domain of left-sided Nodal expression
far in other vertebrates, several lines of evidence sug-in the lateral plate mesoderm (LPM) (Levin et al., 1995;
gest that the repression of Nodal by BMPs may be aCollignon et al., 1996; Lowe et al., 1996). Significantly,
conserved feature of the vertebrate L/R cascade. In theleft-specific expression of Nodal within the LPM has
mouse, for example, a deficiency in Smad-5, a genebeen observed in all vertebrates examined to date, and
that encodes an intracellular mediator of BMP signaling,aberrant patterns of Nodal expression in the LPM are
results in bilateral expression of Nodal in the LPMclosely correlated with situs abnormalities in a variety of
mutants and experimental situations (Levin et al., 1995, (Chang et al., 2000). This suggests that BMPs, which
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Figure 3. Relay of L/R Information from the Node to the LPM and Establishment of Side-Specific Gene Expression in the LPM
In the chick, the Cerberus-related gene Car (indicated in red) is initially expressed bilaterally in the anterior region of the embryo, including
the cells immediately adjacent to the node (A). At stage 5, Car begins to fade on the right and it is maintained in the left, concomitant with
the appearance of lefty-1 expression (in green) in the left side of the node and midline, and of Nodal (in purple) in a left domain adjacent to
lefty-1 (see detail in [A]). Left and right sides are as indicated in (A). By stage 7- (B), Car is completely absent from the right paraxial mesoderm,
and in the left its expression coincides with the appearance of a second Nodal domain in the LPM; the medial domains of lefty-1 and Nodal
also expand anteriorly at this stage as the node regresses. At stage 7 (C), BMPs (in light purple) are expressed bilaterally in the LPM, and
the second domain of Nodal (in purple) consolidates in the cells that also express Car (in red). Nodal represses SnR (in orange) on the left
side, so that Pitx2 (in light blue) can be expressed.
The lower panel in (C) shows a scheme of the cascade of negative interactions that establishes side-specific gene expression in the LPM
(see main text for details). Briefly, Car protein on the left side antagonizes the repression of Nodal transcription by BMPs. In turn, Nodal
represses SnR, which is itself a repressor of Pitx2, so that SnR is expressed on the right and Pitx2 in the left LPM. The green arrow indicates
positive autoregulation, since Nodal activates its own expression in the presence of EGF-CFC cofactors (see main text and Figure 4). The
red asterisk indicates antagonism at the protein±protein level, to distinguish it from the rest of the interactions, which act at the transcriptional
level. Some of the genes depicted are also expressed in structures other than the LPM, such as the somites, but this is not indicated for
simplicity.
are also expressed bilaterally in the LPM in mouse (Win- binding sites for other transcription factors, including a
potential retinoic acid response element (RARE) (Norrisnier et al., 1995), might actively repress Nodal through
a pathway involving Smad-5. Similarly, in Xenopus, it has and Robertson, 1999). In this regard, it is interesting to
note that either an excess or deficiency of retinoic acidbeen recently shown that a BMP-dependent pathway,
signaling through the ALK2 receptor, functions to re- (RA) can cause laterality defects in a wide range of verte-
brates (Dersch and Zile, 1993; Smith et al., 1997; Tsukuipress Nodal on the right side of the embryo (Hyatt and
Yost, 1998; Ramsdell and Yost, 1999; see also Figure 5A). et al., 1999), including reversal of heart situs. Further-
more, a number of recent studies have shown that RAFurther evidence suggests that Nodal is also involved
in inducing or maintaining its own expression within the positively regulates several genes in the L/R cascade,
including Nodal and lefty genes (Chazaud et al., 1999;left LPM. This hypothesis is based on the observation
that mice deficient for the EGF-CFC gene Cryptic, which Tsukui et al., 1999; Wasiak and Lohnes, 1999). Since no
component of the RA pathway has been shown so far toencodes an essential, extracellular cofactor for Nodal
(reviewed by Schier and Shen, 2000), fail to express be expressed asymmetrically, RA may cooperate locally
with other factors such as Car and Nodal to promote theNodal in the left LPM, despite the fact that the earlier
asymmetric expression of Nodal in the perinodal region induction, spread, or maintenance of Nodal expression
within the left LPM.develops normally in these mice (Gaio et al., 1999; Yan
et al., 1999). These observations imply that the medial In summary, the transfer of L/R information from the
node to the periphery, and the subsequent amplificationasymmetric domain of Nodal may participate directly in
the induction of the second, broad domain of Nodal and spread of signals within the LPM, is achieved by
the combinatorial action of a number of factors, all ofwithin the LPM or, alternatively, that Nodal signaling
may be required for maintaining its own transcription which appear to converge on the regulation of Nodal
transcription. Researchers are now faced with the chal-within the left LPM, operating via a classical positive
feedback loop (Figure 3C). Both hypotheses are sup- lenge of ordering the various roles that these inductive
factors play, and also of determining the degree to whichported by the finding that Nodal can activate transcrip-
tion from its own promoter in a mechanism that depends specific molecular players, such as Car, have been con-
served over the course of evolution.on the activities of EGF-CFCs and the transcription fac-
tor FAST2 (Saijoh et al., 2000), acting through the asym-
metric enhancer element identified in recent transgenic Stabilization of Side-Specific Gene Expression
Once local asymmetric signals in and around the nodestudies (Adachi et al., 1999; Norris and Robertson, 1999).
In addition to this potential for FAST2-dependent au- have been converted into broad domains of asymmetric
gene expression within the LPM, it is critical that genestoregulation, the asymmetric enhancer element in the
Nodal regulatory region also contains several putative that have been activated on either the left or the right
Cell
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side of the embryo remain confined to their original of the embryo (Rodriguez-Esteban et al., 1999; Yokouchi
et al., 1999). In the mouse, lefty-1 expression in the leftsides, since a failure to maintain distinct domains of
side-specific gene expression can result in a wide range side of the PFP is mediated by a combination of bilateral
enhancers and a right side±specific silencer (Saijoh etof laterality defects. Vertebrate embryos have therefore
adopted a number of regulatory strategies to prevent al., 1999). Thus, it is conceivable that this right-specific
silencer element may be responding to some BMP-the contralateral spread of asymmetric signaling cas-
cades, as outlined below. dependent factor on the right side of the midline, while
on the left side, the BMP-dependent pathway is antago-In the chick, a first level of regulation is provided by
members of the FGF family. Fgf-4 and Fgf-8 are both nized by Car or some other BMP antagonist, leading to
activation of lefty-1 transcription.expressed exclusively on the right side of the node be-
ginning at stage 5, in a pattern complementary to Shh These results also allow us to interpret the phenotype
of two additional mouse mutants as reflecting a require-(Boettger et al., 1999; Shamim and Mason, 1999). Signifi-
cantly, application of FGF protein to the left side of ment for these genes in maintaining the integrity of the
midline barrier. In particular, while the initial descriptionthe node blocks induction of normal left-sided genes,
including Car (Rodriguez-Esteban et al., 1999; Yokouchi of Shh-deficient mice did not report any laterality de-
fects, a closer examination of the phenotype of theseet al., 1999) and Nodal (Boettger et al., 1999). These
observations suggest that FGFs may function to prevent mice has revealed a number of distinct situs abnormali-
ties, including left pulmonary isomerism and randomiza-the inappropriate activation of the Shh-dependent, left-
sided pathway in cells to the right of the node, ensuring tion of axial turning (Chiang et al., 1996; Izraeli et al.,
1999; Meyers and Martin, 1999; Tsukui et al., 1999). Likethat the fidelity of the initial L/R decision is maintained
during subsequent stages of development. This system lefty-1-deficient mice, Shh mutant embryos also show
ectopic expression of left-specific genes on the rightdoes not appear to exist in mouse or Xenopus, where (as
indicated above) Fgfs are not expressed asymmetrically. side (Izraeli et al., 1999; Meyers and Martin, 1999; Tsukui
et al., 1999). These patterning defects can be explainedA second important level of regulatory control, which
appears to be common to all vertebrates, occurs at the by the fact that Shh-deficient mice lack a distinct floor
plate and notochord (Chiang et al., 1996) and fail tolevel of the embryonic midline. In particular, it has been
noted that mouse and zebrafish mutants with defects express lefty-1 (Izraeli et al., 1999; Tsukui et al., 1999),
and thus are unable to restrict the contralateral spreadin axial midline structures frequently display L/R pat-
terning defects in conjunction with altered expression of long-range, asymmetric signals. A similar laterality
phenotype, characterized by bilateral expression of left-of left-specific genes (Danos and Yost, 1996; Chen et
al., 1997; Lohr et al., 1997; Dufort et al., 1998; King et specific genes along with associated L/R patterning de-
fects, is also seen in mice deficient for the preproteinal., 1998; Melloy et al., 1998; Izraeli et al., 1999). Likewise,
studies of laterality defects in conjoined twins have im- convertase Furin/SPC1 (Constam and Robertson, 2000).
Intriguingly, Furin-deficient mice do not show any reduc-plied that long-range L/R patterning signals do exist
and can travel substantial distances in utero, yet are tion in lefty-1 transcription; however, Furin is known to
act in the secretory pathway to promote the maturationprevented from crossing the embryonic midline (Levin
et al., 1996). Together, these observations have led to of a variety of TGF-b related ligands. Therefore, one
attractive (albeit highly speculative) hypothesis is thatthe proposal that a ªmidline barrierº exists (physical,
biochemical, or both) which prevents the contralateral Furin is required for normal posttranslational processing
of Lefty-1 protein, thus phenocopying the midline barrierdiffusion of long-range, asymmetric signals (Levin et al.,
1996; Meno et al., 1998). defect seen in Shh-deficient mice.
One additional mechanism that appears to restrictThe analysis of lefty-1-deficient mice has provided
valuable insights into the barrier problem. In the mouse the range of Nodal signaling is the putative negative
feedback role of lefty-2, a second lefty gene expressed(as in the chick), lefty-1 is expressed in the left side of
the node and the left half of the prospective floor plate in the left LPM (and also very weakly in the left PFP)
(Meno et al., 1996, 1997). The antagonism of Nodal sig-(PFP) beginning at the two-somite stage (Meno et al.,
1996, 1997), and its inactivation results in ectopic ex- naling by Lefty proteins, which appears to be highly
conserved among vertebrates (Bisgrove et al., 1999;pression of left-specific genes in the right side of the
embryo (Meno et al., 1998), suggesting that lefty-1 is Meno et al., 1999; Thisse and Thisse, 1999; Cheng et
al., 2000), involves a direct competition between Nodalrequired for midline barrier function. Lefty proteins are
members of the TGF-b superfamily, and it has been and Lefty proteins for common receptor binding sites,
fine-tuning the amount of Nodal signal effectively re-suggested that the Lefty-1 protein might function at the
midline by binding to Car, the presumed long-range ceived by cells (reviewed by Schier and Shen, 2000).
Since the lefty-2 gene also appears to be a transcrip-signal that relays L/R information from the node to the
left LPM, thereby preventing Car from interfering with tional target of Nodal signaling (Bisgrove et al., 1999;
Meno et al., 1999; Thisse and Thisse, 1999), it is thoughtthe BMP-mediated repression of Nodal on the right side
(Rodriguez-Esteban et al., 1999; Yokouchi et al., 1999). that the Lefty-2 protein functions as a feedback inhibitor
of Nodal signaling, restricting its range of action. In lightHowever, a physical interaction between Car and Lefty
proteins has not been demonstrated yet. of these findings, it is possible that the presence of
Lefty-1 in the midline might also serve to limit the contra-Interestingly, in the chick, Car appears to act as an
endogenous inducer of lefty-1 expression in the midline lateral spread of Nodal signaling by reducing the effec-
tive concentration of Nodal in regions further away from(probably by antagonizing a local BMP activity), thus
establishing a negative regulatory loop that could ensure the source of Nodal production.
Altogether, these data demonstrate that a complexthat Car activity is completely restricted to the left side
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regulatory cascade of negative interactions plays a ma- the left side of several organ primordia, including the
heart, gut, and stomach, which makes it a good candi-jor role in stabilizing side-specific gene expression
date to mediate the transfer of L/R information from thewithin the left LPM (Figure 3C). Clearly, in light of the
LPM to the developing organs. Recently, it has beennumber of possible regulatory relationships that have
shown that Pitx2c, which encodes one of the isoformsbeen proposed to exist between the various secreted
of the Pitx2 gene (see also Essner et al., 2000), inducesfactors produced on the left side, performing detailed
its own transcription, which could act as a maintenancebiochemical studies of the nature and relative strengths
mechanism after Nodal expression fades in the left LPMof the various interactions will be an important step toward
(Schweickert et al., 2000). Ectopic Pitx2 can cause later-understanding which of these interactions are most
ality defects in a variety of vertebrates (Logan et al.,likely to occur in vivo, and what exactly are their roles.
1998; Ryan et al., 1998; Campione et al., 1999; Essner
et al., 2000), and Pitx2-deficient mice display lateralityAsymmetric Organ Development
defects that include right pulmonary isomerism, whichThe mechanisms outlined above provide a specific, con-
is consistent with a role for Pitx2 as a left determinantsistent bias to the organogenetic process, so that organ
(Gage et al., 1999; Kitamura et al., 1999; Lin et al., 1999;primordia develop by performing a stereotyped chore-
Lu et al., 1999). However, the direction of heart loopingography of loops and turns that results in the normal
is normal in Pitx2-deficient mice, which clearly indicatesdisposition of organs. But how do broad domains of
that factors, in addition to Pitx2, contribute to the asym-side-specific gene expression in the LPM translate into
metric development of the heart. Interestingly, a Pitx2-asymmetric organ development?
related gene, BbPtx, is also expressed in a left-specificIn order to influence the asymmetric morphogenesis
pattern in cephalochordates (lancelets), which suggestsof organs, the left-sided instructive signal encoded by
that the origin of L/R asymmetry can be traced back to aNodal must be received by cells in the left LPM and
common ancestor of cephalochordates and vertebratestransduced to the nucleus, where it can effect stable
(Yasui et al., 2000).changes in gene expression. Genetic studies carried out
Other transcription factors downstream of Nodal inin a variety of organisms suggest that Nodal signals are
the LPM, such as the zinc finger gene SnR (in the right;received at the cell surface by members of the Activin
Isaac et al., 1997) and the homeobox gene Nkx3.2 (inreceptor subfamily of membrane-bound serine-threo-
the left; Rodriguez-Esteban et al., 1999; Schneider et al.,nine kinases, acting in conjunction with members of the
1999), are also likely to be involved in directing variousEGF-CFC family of extracellular cofactors (reviewed by
aspects of asymmetric organ development. Chick SnRSchier and Shen, 2000). Indeed, mice deficient for Ac-
(Snail-related; Isaac et al., 1997), like its mouse counter-tivin receptor IIB (ActRIIB) display defects that include
part (Sefton et al., 1998), is initially expressed bilaterallyright pulmonary isomerism (Oh and Li, 1997), while mice
in presumptive anterior cardiac mesoderm; however, asdeficient for the EGF-CFC gene Cryptic exhibit right
development proceeds, the expression of SnR in bothpulmonary isomerism, randomization of cardiac looping
species becomes stronger in the right LPM (Figure 3C).and abdominal situs, and vascular heterotaxia (Gaio et
In chick, Nodal acts as a repressor of SnR and as an
al., 1999; Yan et al., 1999), both of which are consistent
activator of Nkx3.2, and treatment of embryos with
with a failure to implement a Nodal-dependent left-spe-
antisense oligonucleotides specific for SnR results in
cific program of gene expression within the LPM. At the
randomization of L/R development, accompanied by
level of the nucleus, Nodal signaling is thought to be ectopic expression of Pitx2 in the right LPM. This obser-
transduced, at least in part, through the actions of vation suggests that SnR functions as a repressor of
Smad-2 (reviewed by Schier and Shen, 2000). Consistent Pitx2, and that Nodal activates Pitx2 in the left LPM
with this hypothesis, mice trans-heterozygous for both through repression of SnR (Figure 3C; Patel et al., 1999).
Nodal and Smad-2 mutations exhibit laterality defects In addition, SnR also appears to act independently in
that include right pulmonary isomerism and transposi- the right side to influence the direction of heart looping
tion of the great arteries of the heart (Nomura and Li, (Patel et al., 1999). The mouse Nkx3.2 gene, unexpect-
1998; Waldrip et al., 1998). Moreover, in Smad-2-defi- edly, is also expressed in the right LPM, in contrast to
cient embryos where the early lethality has been res- chick and Xenopus Nkx3.2, which are expressed on the
cued, additional laterality defects are seen, including left side (Schneider et al., 1999). However, the potential
defects in embryonic turning and leftward or ambiguous involvement of this gene in directing L/R development
looping of the cardiac tube (Heyer et al., 1999). All these has not yet been characterized.
data suggest that Nodal signals are transduced in the In addition to Pitx2, SnR, and Nkx3.2, there are several
left LPM through the combined activities of these vari- other known genes that display side-specific expression
ous factors, and that this signaling provides critical input patterns in the heart, gut, or stomach primordia. For
to the developing organ systems regarding their future example, the extracellular matrix proteins Flectin (Tsuda
L/R developmental fates. et al., 1998) and hLAMP (Smith et al., 1997) are ex-
An important factor acting downstream of Nodal in pressed in the left side of the heart tube in the chick,
the left LPM (Figure 3C) is the bicoid-type homeobox whereas Fibrillin-2 is expressed in the right side (Smith
gene Pitx2 (Logan et al., 1998; Piedra et al., 1998; Ryan et al., 1997). In zebrafish (but not in mouse; Winnier et
et al., 1998; St Amand et al., 1998; Yoshioka et al., 1998; al., 1995), BMP4 is expressed predominantly in the left
Campione et al., 1999; Gage et al., 1999; Kitamura et side of the heart tube (Figure 5B) and is required for
al., 1999; Lin et al., 1999; Lu et al., 1999; Essner et al., normal L/R patterning of this tissue (Chen et al., 1997;
2000; Schweickert et al., 2000). Unlike other left-specific Schilling et al., 1999). Also in zebrafish, rtk2, a gene
encoding an Eph receptor, is expressed on the rightgenes, Pitx2 is also expressed at subsequent stages in
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Figure 4. A Proposed Model of Genetic Inter-
actions that Determine Development of the
L/R Axis in Mice and Humans
In the mouse embryo, and most likely in hu-
mans as well, the function of several genes,
including iv, inv, KIF-3A, and KIF-3B, is re-
quired for the establishment of a normal left-
ward flow in the node region. This nodal flow
(represented by the green arrows in the node)
is thought to cause the accumulation of some
key extracellular determinant in the left side
of the node and/or perinodal region, so that
left-specific Nodal expression is induced. Ex-
pression of lefty-1 in the left side of the mid-
line is likewise downstream of these initiating
signals, but also depends on the integrity of
the midline and on the activity of several
genes (Brachyury, HNF-3b, Shh, and others)
expressed within midline cells. In the LPM,
a pathway that requires Smad-5 function
(probably triggered by BMPs) acts to sup-
press Nodal transcription. The presence of
some BMP antagonist in the left side (similar
to Car in the chick) presumably acts to relieve
this repression so that Nodal can be tran-
scribed in the left LPM. Nodal, in turn, acti-
vates lefty-2 and represses SnR, in a process
that requires extracellular cofactors of the
EGF-CFC family, ActRIIB (not depicted here),
and the intracellular factors Smad-2 and
FAST2. This repression of SnR in the left side
is thought to result in activation of Pitx2. At
the midline, the Lefty-1 protein might act as
a barrier preventing the contralateral diffu-
sion of the proposed BMP antagonist, thus
preventing ectopic expression of left-specific
genes in the right side of the embryo. Note
that this is a simplified model that is not in-
tended to depict all possible interactions. For
example, EGF-CFCs may be involved in me-
diating some earlier functions of Nodal (i.e.,
in the left side of the node), and the possible
roles of RA and Fgf-8 as left determinants are
not depicted here since their precise func-
tions are still unclear (see main text).
side of the gut primordia, and the adhesion protein DM- particular gene activities and specific morphogenetic
or proliferative functions in organ primordia are stillGRASP is expressed in the right side in the hepatic
diverticulum (Schilling et al., 1999). missing.
The L/R cascade not only controls asymmetry of vis-Despite these observations, we know very little about
how asymmetric organ development is controlled at the ceral organs, but also two other processes: body axis
rotation and body wall closure. The rotation of the bodycellular level. For example, in the case of the digestive
system, it is known that the left side of the stomach axis, or ªaxial turning,º follows the rightward looping of
the heart tube in revealing the emergence of morphologi-primordia has an increased growth rate that results in
the so-called ªgreat curvatureº of the stomach and, sec- cal laterality in vertebrate embryos. In mouse, rat, and
other mammals, rotation of the embryo from a dorsallyondarily, in the precise positioning of the spleen in the
left upper side of the abdominal cavity. Similarly, the flexed to a ventrally flexed position always occurs in the
same direction and results in several asymmetries, asasymmetric development of the intestine appears to
depend on increased growth rates in two specific revealed by the placement of chorioallantoic placenta,
tail, and umbilical vessels to the right side and vitellineplaces: the duodenum and the central part of the primi-
tive loop. In Xenopus, spleen precursor tissue is initially vessels to the left side of the embryo (reviewed by Fuji-
naga, 1997). In chick embryos, a similar ªbody rotationºlocated in symmetric domains on both sides of the em-
bryo but, subsequently, only cells on the left side go on occurs between stages 11 and 20. It is thought that
asymmetric cell proliferation in the embryonic body andto form the mature spleen, in a process that does not
appear to involve either cell migration or differential cell extraembryonic membrane direct body rotation, and
Pitx2 may be involved in this process through its activi-death (Patterson et al., 2000). Thus, local processes
involving differential control of cell proliferation and/or ties in the body wall mesoderm and amnion. In the
mouse, Pitx2 is expressed in both the left and right distalcell death, as well as instructive changes in cell fate,
are likely to be involved in directing asymmetric develop- ends of the lateral body wall mesoderm at E9±9.5, with a
stronger expression in the left side, similar to the patternment of specific organs. However, clear links between
Review
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Figure 5. Left±Right Determination in Fish
and Frogs
Studies in zebrafish and Xenopus have
greatly contributed to our understanding of
L/R development in vertebrates. Specifically,
a variety of zebrafish mutants and surgical
manipulations in Xenopus have been invalu-
able in demonstrating a key role for midline
structures in L/R determination. It is becom-
ing increasingly clear that the basic mecha-
nisms and the molecular players are con-
served among vertebrates, but interesting
variations on the general L/R theme occur in
fish and frogs. For example, in Xenopus (A),
the L/R axis appears to develop significantly
earlier than in other vertebrates. A ªleft±right
coordinatorº (LRC; in light blue), mediated by
the activity of the TGF-b factor Vg1 (Hyatt
and Yost, 1998; Ramsdell and Yost, 1999),
has been proposed to exist in the left side of the early blastula (at the 16-cell stage), establishing a mutual antagonism with a BMP activity
in the right side (in light orange). The L/R coordinator would subsequently influence the Spemann organizer (depicted in black), which in turn
relays the L/R positional information to other tissues. Interestingly, a transient array of microtubules during the first cell cycle appears to be
essential for L/R development, suggesting that the L/R coordinator may be established as early as the D/V axis. Expression of Nodal (and,
hence, Pitx2) can be induced by Vg1 and is antagonized by BMPs, which again stresses the conservation of the mechanism of control of
Nodal and its targets. The midline is indicated in dark blue. (This figure has been adapted from Hyatt and Yost, 1998 and Ramsdell and Yost,
1999).
Less is known about L/R development in the zebrafish embryo (B). None of the four hedgehog (hh) genes (Shh, twhh, ehh, and hhc) has been
described to be asymmetrically expressed in zebrafish, but overexpression of Shh randomizes the situs of the heart and other visceral organs,
most likely through the activity of the Nodal-related gene Ndr2. BMPs are expressed asymmetrically in the heart field (in orange), and BMP
misexpression only affects the heart, pointing toward a specific role for BMPs in the development of this organ in zebrafish. It remains to be
seen whether some other TGF-b (or other molecule) plays the role of repressing Ndr2. In zebrafish and Xenopus, unlike in chick and mouse,
asymmetry of Nodal expression around the node has not been detected (Lohr et al., 1997; Sampath et al., 1997; Rebagliati et al., 1998).
observed in chick. In Pitx2-deficient embryos, the body In summary, the identification of several genes that
display side-specific patterns of expression within de-wall fails to close and abdominal and thoracic organs
are extruded toward the left side (Gage et al., 1999; veloping organs has provided an entry point for under-
standing the molecular and cellular mechanisms under-Kitamura et al., 1999; Lin et al., 1999; Lu et al., 1999),
lying asymmetric morphogenesis. In particular, recentwhich could be due to the failure of the left lateral body
studies have implicated several transcription factors,wall to turn inward to meet the right lateral body wall.
including Pitx2, SnR, and Nkx3.2, in implementing side-Lack of Pitx2 also appears to thicken the mesoderm
specific developmental programs within the various or-and the amnion on the left side of the embryo through
gans systems. Identifying the actual targets of thesean increase in cell proliferation, creating a physical con-
factors, and how these targets affect morphogenesis atstraint that disrupts the movement of the left body wall
the cellular level, remains an exciting avenue for futureand the rotation of the posterior part of the embryo
studies.(Gage et al., 1999; Kitamura et al., 1999; Lin et al., 1999;
Lu et al., 1999).
It may appear intuitive that alterations in situs of ab- Conclusions and Future Prospects
The claim that a particular genetic pathway has beendominal organs should always follow alterations of situs
of thoracic organs, but in fact, there are many situations conserved during evolution has become a staple attached
to many developmental biology studies in the last twowhere thoracic and abdominal situs are uncoupled. In
lefty-1-deficient mice, for example, laterality defects are decades, a trend fueled by exciting advances in the
synthesis of developmental and evolutionary biology.restricted to thoracic organs, and situs of abdominal
organs is completely normal (Meno et al., 1998). This However, as it often happens, the devil is in the details.
What is conserved and what is divergent in the mecha-may be due to the fact that ectopic expression of Nodal,
lefty-2, and Pitx2 is restricted to the anterior part of the nisms that control L/R asymmetry among vertebrates?
The advances outlined above have allowed researchersLPM in these mutants. In some rare human syndromes,
normal thoracic situs is accompanied by abdominal situs to put forward a model that partially explains how L/R
positional information is generated and interpreted ininversus or situs ambiguus, which would suggest some
alteration of L/R development that specifically affects the early embryo (Figures 3, 4, and 5). Generally speak-
ing, the statement that the overall mechanisms of L/Rabdominal organs, probably involving alterations of
gene expression in the posterior LPM. Interestingly, the patterning are conserved among vertebrates appears
to hold true. However, it is still not clear to what degreestudy of the regulatory sequences of the mouse lefty-2
gene has revealed that the left-specific enhancer of the initial steps of L/R determination are shared among
the different vertebrate classes. If, on one the hand,lefty-2 is actually composed of two separable elements:
one for the anterior left LPM, and another for the poste- distinct mechanisms of symmetry-breaking do actually
exist, it may be possible to relate these differences inrior left LPM (Saijoh et al., 1999). This finding supports
the notion that the expression of key regulators of L/R relatively straightforward and intuitive ways to the very
different modes of early development seen among verte-development may be controlled independently in the
thorax and abdomen. brates. Alternatively, as we have argued here, the basic
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mechanism underlying the process of symmetry-break- Similarly, hand preference also appears to be uncoupled
ingÐnamely, the activity of nodal ciliaÐmay in fact be from the mechanisms underlying visceral L/R asymme-
common to all vertebrates, with the apparent differences try (reviewed by Levin and Mercola, 1998a). Thus, the
described thus far simply reflecting variations in the mechanisms responsible for determining neurological
relative timing of node cilia function. Resolving this fun- asymmetries remain unknown, and the question of why
damental question will clearly be an important target of these have been kept distinct from other global L/R
future studies in the field. patterning mechanisms remains a fascinating, unsolved
Assuming the validity of the ªnodal flowº model, what problem.
are the extracellular factor(s) that move in response to Another puzzling question concerns the role of gap
this flow, triggering differential cascades of asymmetric junctions (Levin and Mercola, 1998b, 1999). The first
gene expression in and around the node? Although Shh indication that gap junctions might play a role in L/R
had been postulated to be a good candidate, primarily determination came from an apparent correlation be-
in light of its role as a left determinant in chick (Levin tween Connexin43 mutations and laterality defects in
et al., 1995; PagaÂ n-Westphal and Tabin, 1998), the phe- humans (Britz-Cunningham et al., 1995). More recent
notype of Shh-deficient mice clearly indicates that Shh studies employing a combination of surgical, pharmaco-
is not required for the expression of the left-specific logical, and antisense approaches in Xenopus (Levin
genes Nodal, lefty-2, and Pitx2, but rather, is required and Mercola, 1998b) and chick (Levin and Mercola, 1999)
to restrict their transcription to the left side (Izraeli et have lent additional support to this initial hypothesis,
al., 1999; Meyers and Martin, 1999; Tsukui et al., 1999). placing gap junction communication upstream of the
A second candidate is FGF-8, which based on the phe- asymmetry in Shh expression in the chick node. Never-
notype of Fgf-8-deficient mice has been proposed to theless, analysis of Connexin43-deficient mice, along
function in the mouse as a left determinant (Meyers with further studies of human populations, have not sup-
and Martin, 1999). Again, this contrasts with what is ported an association between Connexin43 mutations
observed in the chick, where Fgf-8 is expressed in the and situs defects. Thus, it remains unclear how and
right side of the node and functions to suppress induc- to what degree communication through gap junctions
tion of the left-sided pathway (Boettger et al., 1999;
contributes to the overall development of L/R asymme-
Rodriguez-Esteban et al., 1999; Yokouchi et al., 1999)
try among different vertebrates.
Nevertheless, it is important to emphasize that the spe-
Thus far, very few genes have been implicated un-
cific step at which Fgf-8 operates in the mouse is still
equivocally in the etiology of human laterality disordersunknown. Finally, there is evidence from studies in both
(Casey, 1998). The successful positional cloning of arats (Fujinaga and Baden, 1991) and Xenopus (Toyoi-
gene responsible for familial X-linked situs abnormalitieszumi et al., 1997) that stimulation of adrenergic receptors
(Gebbia et al., 1997) marked an important breakthroughmight contribute to the development of vertebrate sid-
in this regard, and more recently, mutations in the humanedness, identifying adrenergic neurotransmitters as po-
Activin receptor IIB (ACVR2B) and lefty (LEFTYA) genestential mediators of early L/R signaling events. Identi-
have been found in a few individuals with situs defectsfying the precise nature of the initial L/R determinants
(Kosaki et al., 1999a, 1999b). Surprisingly, the gene iden-that accumulate differentially in response to nodal flow
tified in the X-linked study, ZIC3, is a developmentallymay turn out to be a daunting task, but represents a
regulated transcription factor not previously implicatedcritical step toward arriving at a mechanistic under-
in any of the known L/R pathways based on work fromstanding of the embryonic origins of vertebrate L/R
other organisms. Thus, further genetic studies in hu-asymmetry.
mans are likely to provide important new insights into theOne of the most intriguing questions in the field of
developmental mechanisms responsible for patterningvertebrate L/R asymmetry lies in understanding the rela-
the vertebrate L/R axis. Likewise, the identification oftionship between L/R patterning of the visceral organs
and the phenomenon of brain lateralization. There is new genes involved in L/R patterning within the various
some evidence suggesting, on the one hand, that mor- vertebrate model organisms should shed new light on
phological asymmetries in the human brain might in fact the genetic factors contributing to laterality defects in
be linked to the mechanisms that determine the L/R humans. Ongoing synergism between these two areas
polarity of the other internal organs (Kennedy et al., of study should continue to allow for rapid advances in
1999). Consistent with this notion, the zebrafish Nodal- our understanding of the global mechanisms underlying
related gene Ndr2 is expressed asymmetrically in a small L/R pattern formation in vertebrates.
domain in the left diencephalon (Rebagliati et al., 1998;
Sampath et al., 1998). Moreover, a recently described
zebrafish lefty homolog is expressed asymmetrically in Acknowledgments
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